Diffusion nitrided layers produced on titanium and its alloys are widely studied in terms of their application for cardiac and bone implants. The influence of the structure, the phase composition, topography and surface morphology on their biological properties is being investigated. The article presents the results of a study of the topography (nanotopography) of the surface of TiN+Ti 2 N+αTi(N) nitrided layers produced in low-temperature plasma on Ti6Al4V titanium alloy and their influence on the adhesion of blood platelets and their aggregates. The TEM microstructure of the produced layers have been examined and it was demonstrated that the interaction between platelets and the surface of the titanium implants subjected to glow-discharge nitriding can be shaped via modification of the roughness parameters of the external layer of the TiN titanium nitride nanocrystalline zone.
Introduction
The properties of titanium biomaterials are modified by means of surface engineering methods, which make it possible to produce surface layers with a controlled phase composition, microstructure, surface topography and residual stresses. These features affect such functional properties as hardness, wear resistance, mechanical properties, biological properties and wettability. In order to modify the properties of biomaterials, different methods of surface treatment are used, ranging from electrochemical oxidation, thermal spraying, ion implantation, laser treatment (PLD), chemical vapour deposition (RFCVD, MWCVD), to hybrid and glow-discharge methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Selection of the appropriate method depends on the final application of the material, the implant's shape and the expected characteristics of the produced surface layers. In light of the high level of chemical affinity between titanium and nitrogen, in particular of atomic nitrogen formed in low-temperature glow-discharge plasma [21] , and by taking advantage of the phenomenon of cathodic sputtering in the shaping of the topography of the treated surfaces, one of the most promising methods of processing titanium and its alloys for medical applications is nitriding in low-temperature plasma. This process can be applied for titanium alloys at reduced temperatures starting from 300°C [22, 23] . However, in the case of Ti6Al4V alloy, which is commonly used in medicine 2154 especially for bone implants, a minimum processing temperature of 680°C is required to maintain the required mechanical properties [2, 24] . The surface layers formed are diffusive in nature and can be produced on complexly-shaped parts. They also possess titanium nitride (TiN) in the external zone, which is characterised by good biocompatibility and resistance to wear by friction [8, 16, 19, 20] . Depending on the structure and surface topography of the layer, its biological properties, such as haemocompatibility, can be modified. This is of particular importance for cardiac implants, which include heart valve rings, stents or artificial pump impeller parts [25, 26] . In spite of the extensive research of surface roughness on the biology of cells, no clear criteria that describe the characteristics of the topography of the surface of titanium nitride in terms of restricting blood clotting have been determined. The literature states that the nanotopography of the surface has a significant effect on biofilm composition and adhesion processes and on the differentiation of cells [8, 23, 27, 28] . However, the biological processes listed are modified not only by the phase composition of the surface layer and surface topography, but also by the wettability of the surface [29, 30] .
The aim of the paper was to assess the impact of the surface topography of TiN+Ti 2 N+αTi(N) surface layers with a nanocrystalline TiN external zone, produced on Ti6Al4V titanium alloy in low-temperature plasma [24] , on their wettability, platelet adhesion and formation of aggregates.
Materials and Methods
The nitrided layers were produced on 8×0,8 mm samples by means of glow-discharge nitriding process in the following conditions: process temperature -T = 680°C, process timet = 4 h, pressure in the working chamber -p = 200 Pa in a so-called dynamic vacuum, i.e. at a constant flow rate (ca. 100 ml/min of a 99.99% nitrogen gas mixture containing 5% vol. of hydrogen) through the working chamber. Some of the samples, immediately before the nitriding process, were subjected to cathodic sputtering at 600°C for 30 mins, at a pressure of 30 Pa in an atmosphere of argon mixed with hydrogen -5% vol. (samples designated as TiN-CS). The topography of the TiN+Ti 2 N+αTi(N) nitride surface layers was influenced by mechanical processing, i.e. grinding using sandpaper with a grit size of up to 1000, and polishing in a diamond suspension with silicon oxide with a grain size of 0.04 μm (samples designated as -TiN). Some of the samples designated as TiN-G were ground only using 320 grit sandpaper. The surface layer microstructure was investigated using a TECNAJG 2 FEG Super TWIN (200 kV) transmission electron microscope equipped with a High Angle Annular Dark Field (HAADF) detector and an EDAX Energy Dispersive Spectroscopy (EDS) system. The thin foils of the surface layer cross-section were cut using Focused Ion Beam (FIB) Quanta 3D with Omniprobe pickup attachment. Afterwards, an approximately 50 nm thick carbon coating was deposited to separate the surface layer from the platinum used in this technique as a mask protecting the surface features and maintaining the image contrast. Phase analysis was performed using a Brucker D-8 Advance X-ray diffractometer with a CuK α lamp. Surface topography was characterized by a Veeco atomic force microscope with a Multimode VIII controller (tapping mode, tip model ACSTA, AppNano). Wettability was determined in deionised water and ethylene glycol (goniometer OCA-15 DataPhysik).
The samples used for the biological tests were subjected to plasma sterilization (Sterrad 100, H 2 O 2 atmosphere, 54°C, 7hPa), and after sterilization, to X-ray electron spectroscopy (XPS) in order to determine the chemical composition of the surface, which was carried out using a Microlab 350 (Thermo Electron Corporation) spectrometer with XPS. Excitation was performed using X-ray radiation with an energy of hν = 1486.6 eV (AlK α ). The pressure used in the measurement was 5 ·10 -7 Pa.
XPS spectra were registered at analyser transition energies of 150 and 40 eV (the maximum energy resolution for the device was 0.83 eV). The spectra recorded in the narrow bond energy range were deconvolved by the deconvolution procedure using the Gaussian/Lorentzian asymmetric function. The energies measured for the particular elements were corrected based on the bond energy of coal C1s = 285 eV (C-C bond).
Biological tests were then carried out of the influence of the surface topography on adhesion and blood platelet aggregation. For this purpose, platelet-free plasma and platelet-rich plasma (PRP) taken from healthy blood donors was incubated for 2h at T = 37°C on nitrided samples with varying degrees of coarseness. The adhered blood platelets, which were preserved using a 4% buffered glutaraldehyde, then dehydrated, dried and sputtered with a ca. 10 nm layer of gold (using a JFC-1200 Jeol Fine Coater) were studied under a scanning electron microscope (Jeol JSM 7600F). Morphometric analyses of the blood platelets were carried out using CellSense (Olympus) morphometric software.
Results and discussion
The TiN+Ti 2 N+αTi(N) nitrided layers produced were diffusive. The nitrided layer produced in the low-temperature process was ca. 4 μm thick. The microstructure (TEM) and distribution of the Ti, N, Al, V elements, as well as electron diffraction and x-ray diffraction patterns are shown in (Fig. 1) .
The examination revealed a zonal structure of the nitrided surface layers produced in the low temperature plasma nitriding process. The upper zone was built of nano-crystallites of TiN, directly below there was a fine-crystalline zone of Ti 2 N, and the third zone consisted of irregular crystallites of αTi(N) and TiAl 3 phase precipitates, which was demonstrated by earlier tests [24] . Titanium nitride -the TiN outer zone, was about 1 μm thick and was characterized by a high density. X-ray diffraction of the studied layers revealed the presence of TiN and Ti 2 N nitrides. As a result of nitriding, the lattice parameters of αTi phase in nitrided layer were changed. For the initial state they were: a,b = 0.292 nm, c = 0.468 nm, whereas after nitriding they amounted to: a,b = 0.295 nm, c = 0.473 nm respectively. Nitrogen diffusion to phase αTi caused lattice expansion, which is depicted by a shifting of the peaks of this phase (Fig. 1d) .
( Fig. 2) presents an XPS spectrum of the surface of the nitrided Ti6Al4V titanium alloy before and after plasma sterilisation.
The XPS spectrum revealed titanium, nitrogen and adventitious carbon in the nitrided layer both before and after sterilisation. The chemical composition analysis results of the examined surfaces are presented in (Table 1) . (Table 2 ) presents the bond energy and the chemical state of the elements present on the surface of the nitrided Ti6Al4V titanium alloy after glow-discharge nitriding and plasma sterilisation.
An analysis of the bond energy revealed the presence of TiN titanium nitrides, TiO x N y oxynitrides and TiO 2 titanium oxides on the examined nitrided surface layers after sterilisation. This proves that partial oxidation takes place on the surface layer of TiN as a result of plasma sterilisation. It is known as a fact that titanium oxynitrides and titanium oxide (TiO 2 ) demonstrate good biological properties [11, 20] . The phase composition of the surface has been shown to be the same for all the tested nitrided layers, which allow us to conclude that the micro-and nano-roughness of the TiN surface, i.e. the external zone of the nitrided layer, has a decisive impact on the adhesion of blood platelets and their aggregates.
It should be noted that as a result of glow discharge nitriding conducted by cathodic sputtering, the outer zone of the nitrided surface layer -TiN, had a strongly developed surface in the nanoscale (Fig. 3, Table 3 ), which can be additionally modified by grinding the Ti6Al4V titanium alloy before the nitriding process (Table 3 -TiN-G) .
The surfaces of the studied samples differed significantly in terms of topography and surface wettability (Table 3, 4) . Nitrided layers formed on the Ti6Al4V titanium alloy were shown to have the highest degree of roughness (TiN-G), whereas the Fig. 2 . XPS spectrum of the titanium nitride -TiN surface on the nitrided Ti6Al4V titanium alloy before and after plasma sterilisation highest wetting angle, both in deionised water and in ethylene glycol, was characteristic of TiN-CS layers, i.e. ones that additionally underwent cathodic sputtering (TABLE 4) and which demonstrated a greater degree of surface roughness in the nanometric scale (Fig. 3) . The wetting angle of surfaces with low Ra parameters (Ti6Al4V titanium alloy) in initial state (after polishing), that is surfaces with a spontaneously forming layer of TiO 2 , TiO, Ti 2 O 3 titanium oxides, characterised by an overall formless structure [31] , and the contact angle of the nitrided layer formed on polished Ti6Al4V titanium alloy (TiN), were of the same order in the case of ethylene glycol, and increased along with the degree of surface roughness of TiN-CS and TiN-G nitrided layers.
The literature suggests that the increase in surface topography, especially in the nanometric scale, increases the ability of the surface to absorb protein, which influences both adhesion and activation of the blood platelets, as well as the proliferation of osteoblasts [27] [28] [29] 32] . Interestingly, experiments with PRP revealed lower platelet adhesion and aggregation on nitrided surface layers designated as TiN-CS with an intermediate roughness of Ra = 0.177 μm. The consecutive increase in surface roughness observed for TiN-G (Ra = 0.600) contributed both to an increase of platelet adhesion and to their activation (Fig. 4) .
Platelet activation was expressed by a change of their shape and size (Fig. 5) .
This may result from the fact that the increase in surface roughness, especially in the nanometric scale, may contribute to conformance changes in the structure of the proteins forming the biofilm, which in turn affects blood platelet adhesion [8, 33] . Our previous studies on oxynitrided layers [23] showed that more albumin, responsible for blocking platelet adhesion, is absorbed on the surface of TiO 2 with higher surface roughness. Blood platelets which adhere to the TiN-CS layer were characterised by a dendritic shape with single protrusions, while in the case of surfaces displaying a lower (TiN) and higher (TiN-G) degree of roughness, the cells formed numerous protrusions, which was indicative of their greater activation. The biological effect of contact between the surface and the blood platelets also correlates with changes in the wettability of the surface (TABLE 4) . A similar dependency between TiN layer roughness produced by direct current reactive magnetron sputtering and a decrease in adhesion and platelet activation was observed in the study [8] .
Conclusion
The results of the study revealed that blood platelet adhesion and the formation of agglomerates depends on the roughness of the surface, especially the nanotopography of the nanocrystalline TiN layer -i.e. the TiN+Ti 2 N+αTi(N) external zone of the nitrided layer. This is in close correlation with the contact angle parameters, which were shown to have the highest value in the case of the nitrided layer with a developed titanium nitride surface topography shaped by cathodic sputtering. Thus, by modifying the glow-discharge nitriding process, blood platelet adhesion and aggregation can be significantly reduced, which can be of great practical importance for the production of specificpurpose implants. This feature, in addition to the fact that nitrided layers on titanium and its alloys eliminate the metallosis effect and demonstrate a high resistance to wear by friction, as proven in previous studies [20] , attests to the significant potential of this technology.
